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1. INTRODUCTION

In recent work (Powell, Walbert, and Zielinski 1993), we have developed a model and
formalism for studying current and heat transport in solid-armature railguns. The model
is two-dimensional and transient and can be used to determine the electromagnetic fields
and forces, the current density, and the temperature in both the rails and the armature as
a function of space and time. Such an analysis is important in order to guide the design of
projectiles, in order to determine the limits under which these armatures can operate, and

in order to study the dynamics of the armature and railgun.

In our previous work, we limited our study to the case of a small-bore, simple, single-
turn railgun in which the current was carried from rail to rail via a U-shaped or slotted
armature. In the present calculations, we will extend the model to treat the railgun and
armature recently developed in the Cannon-Caliber Electromagnetic Gun (CCEMG) Pro-
gram (Kitzmiller et al. 1994). The railgun has a rectangular bore cross section and is series
augmented; the armature, which is discussed in more detail subsequently, is considerably

more complicated than that which we have previously analyzed.

A schematic diagram of a series-augmented railgun, indicating the general principles on
which it operates, is shown in Figure 1. Both sets of rails actually extend farther to the left
and right of the armature than is shown in the figure, and are connected so as to produce
equal currents in the directions indicated by the arrows. This configuration will produce
an induction field in the bore to the left of the armature which is, in the two-dimensional
case, exactly twice as large as that on the right. As a result, the total Lorentz force which
accelerates the projectile is three times that which occurs in a simple railgun for any given
value of the total current. The subject of concern here is to determine the distribution of
current, the resulting body forces, and the generation and transport of heat everywhere in

both the rails and armature.

Similar types of calculations for simple nonaugmented railguns and simple armatures
have been undertaken by various investigators in the past. In early work, Young and
Hughes (1982) investigated the current-diffusion problem analytically in the steady state for
some rather simple types of armature geometry. Their work provided considerable insight
into how the current could be expected to vary and the practical problems that would be en-
countered as the projectile velocity increased. Later, their work was extended to a transient
analysis, and some limiting-case, exact solutions were obtained (Hughes and Young 1986).
Similar transient, exact calculations have been undertaken by Nearing and Huerta (1989).
Probably the most complete treatment of the problem is the work performed by Long (1986).

His early analysis was somewhat similar to that of Hughes and Young, and succeeded in pre-
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Figure 1. Schematic Diagram of a Series-Augmented, Solid-Armature Railgun.

dicting the current distribution analytically for simple armatures and rather low armature
velocities in the steady state. In later graduate-thesis work, Long (1987) developed a finite-
element program with which he successfully studied more complicated armatures at higher
velocities. In addition, he included the effects of Joule heating, temperature-dependent elec-
trical and thermodynamic properties, and heat transport, all of which had been neglected in
the earlier analytic calculations. In more recent work, Putley (1989) adapted a previously
developed code to solve the rail-armature interaction problem, verified some of Long’s earlier
calculations that were done analytically, and extended calculations to somewhat higher ve-
locities. All of these calculations have been two-dimensional so that the rails were assumed

to be infinitely high, with no variation in physical quantities along the direction of the rail

height.

In addition to the two-dimensional work, there are important efforts underway to perform
diffusion calculations in three dimensions. Recently, Yun and Price (1994) have performed
a three-dimensional analysis on the CCEMG armature. The model which they employed,
however, does not account for the motion of the launch package (i.e., v = 0). Early three-
dimensional work which does account for conductor motion has been described in several
references (Rodger, Leonard, Eastman, and Atkinson 1989; Rodger, Leonard, and East-
man 1991; Rodger and Leonard 1991), and additional efforts (Hsieh 1994) are currently
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underway at the Institute for Advanced Technology to develop a three-dimensional finite-
element code. Three-dimensional calculations, with appropriate models for physics at the
rail-armature interface, should ultimately provide a realistic indication of the current and
temperature distributions in railguns. These models can be used to avoid many assumptions
of very limited applicability associated with the infinite rail-height calculations. However,
the work is considerably more complicated than in two dimensions and is rather preliminary

at this point.

The calculations to be undertaken here are most similar to those carried out by Long.
We have developed a two-dimensional, finite-difference program which solves the governing
equations for the fully transient case. Our motivation has been to provide information
which could be used in the design of projectiles, as well as to provide information which
could eventually be used as input in stress-analysis codes which have been developed to
investigate in-bore dynamics. As indicated previously, the specific calculations described
here will be for the armature recently developed as an integral part of the CCEMG Program.
The organization of the report is as follows. In section 2, the model is described and the
mathematical formalism developed. In section 3, we describe the results of some calculations

for this specific armature geometry. Finally, section 4 contains our summary and conclusions.

2. MODEL AND FORMALISM

The basic equations that must be solved numerically consist of the appropriate Maxwell
equations as well as the energy transport equation for the rails and projectile. It is convenient
to solve these equations in a frame of reference in which the armature is fixed with its trailing
edge located at z = 0 (see Figure 1), and the rails move in the negative z direction. We will
restrict ourselves to situations in which the armature is symmetric about a plane centered
between the rails. This plane is defined by y = 0. The rails and projectile are infinitely
extended in the z direction. The governing equations to be developed are solved in the
armature and the inner rails; the details concerning the outer rails are not considered except

in the sense that they affect the boundary conditions on the magnetic induction as discussed

previously.

Let f, B, and E be the current density, the magnetic induction field, and the electric
field intensity. Let p, k, o, and C be the magnetic permeability, the thermal conductivity,
the electrical conductivity, and the specific heat. Finally, let T, p, and v be the temperature,
density, and material velocity at a given point in the rail-armature system. The governing

Maxwell equations can then be written




. 0B
V X = 5{‘, (2)
and
J=o(E+7%xB). (3)

As is customary in calculations of this type, we have neglected the displacement current in
equation (1). This approximation can be shown to be valid provided the armature velocity
is small compared to the light speed c, and provided the time scale 7 of the problem satisfies
the condition 7 >> (uoc?)~'. Both these conditions are very easily satisfied for rail-launcher

problems. Equation (3) represents Ohm’s law in a moving conductor.

We now observe that for the infinite rail-height geometry discussed previously, we must
have that B = Bé, and that J, and E, both vanish. Furthermore, there can be no z
dependence in any of the physical quantities. If we now make use of these observations,
we find that equations (1)-(3) can be uncoupled to produce a single, second-order, partial

differential equation which predicts the convection and diffusion of the magnetic induction

field. The equation can be written

0B 0'B 0'B OB 1000T0B 108007098
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In obtaining equation (4), we have assumed that ¢ depends on position and time only through

the temperature 7'.

A similar assumption for £ and C allows us to write the heat-transport equation as

aB\® (8B\’
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0z dy
Equation (5) can be obtained from standard energy-conservation principles. The meaning
of the various terms which appear in the equation are rather obvious except perhaps for the

term enclosed in brackets on the right-hand side. If, however, we use equation (3), we can

identify this term as being equal to J?/o; consequently, it accounts for resistive heating in
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Equations (4) and (5) are the basic differential equations which must be solved subject to
some set of initial and boundary conditions. It is evident upon examination of the equations
that, provided the initial conditions satisfy the conditions B(y) = B(—y) and T'(y) = T(~y),
symmetry about y = 0 will persist for all time. We will restrict ourselves to this case and
only solve the equations for y > 0. We will assume that there is no transfer of heat from
the railgun or armature to the atmosphere surrounding them. Consequently, we take for the

boundary conditions on T' at each conductor surface the relation

A VT =0, (6)

where 7 is the unit normal to the surface (pointing into the conductor). Such a condition

also applies along the centerline y = 0 from symmetry.

Boundary conditions on the magnetic induction can be easily determined by arguments
with Ampere’s law. If we denote by j the current per unit rail height, we must have in
the inner bore to the left of the armature B = 2uj, and to the right B = pj. The latter
condition also applies along the upper surface of the inner rail, and along the centerline we
must have from symmetry dB/dy = 0. At the ends of the rail, we have taken the condition
on the induction to be dB/dx = 0. This condition implies that the current is parallel to
the rail surface at these points and is strictly accurate only if the ends are sufficiently far
from the armature. The validity of the assumption, as well as an alternate approach for
handling these boundary conditions, has been discussed in previous work (Powell, Walbert,
and Zielinski 1993). Generally, the rails and armature consist of different materials and
under such a circumstance dB/dy and 07 /0y are not continuous across the rail-armature
interface. The appropriate jump conditions were derived previously (Powell, Walbert, and
Zielinski 1993) and can be written

[1 OB ~0 )

g 6y :l inter face

where the brackets (here only) denote the change in the enclosed quantity as the interface

is crossed. A similar relation for the temperature holds if B is replaced by T and 1/o by .

We finally consider the calculation of the induction field in regions of the armature which
are bounded on all sides by conducting surfaces. Such a region is indicated, for example,
between the front and back contacts of the armature in Figure 1. Since the conductivity in
this region is zero, it follows from equations (1)-(3) that B here is independent of position.
We denote the constant value by By, the area of the region by Ay, and integrate equation (2)

over the area. Application of Stokes’ theorem then yields the relation




dB J -
Aygt—_—/(j;-de, (8)

where the integration denotes a line integral in the counterclockwise direction around the
periphery of the defining area. In obtaining this result, we have used equation (3) as well as
the fact that the tangential component of F must be continuous along the line of integration.

The constraint imposed by equation (8) is sufficient to determine the time evolution of the

spatially constant induction By.

Equations (4), (5), and (8) with the indicated boundary conditions are sufficient for de-
termining all electrodynamic properties as well as the temperature as a function of both
space and time within the rails and the armature. We have previously developed an im-
plicit, finite-difference code for solving the relevant partial differential equations. This code
has now been extended to treat augmented railguns and reasonably complicated armature
geometry. The details of the numerics have been discussed elsewhere (Powell, Walbert, and

Zielinski 1993) and are not repeated here.

3. CALCULATIONS

We now discuss two calculations that we have done to analyze current and heat transport
in the armature developed by the University of Texas Center for Electromechanics (UT-
CEM) in the CCEMG Program. The planar cross section of the armature appears as shown
schematicaﬂy in Figure 1. This armature is designed to reach a launch velocity of 1.85 km/s
via application of a half cycle of a sinusoidal current pulse applied to a series-augmented
railgun. The pulse has a duration of 2 ms with a peak current of 780 kA. In the first case
undertaken here, the armature is accelerated to 1.85 km/s; in the second, the armature is
held fixed so that we can examine directly the effects of velocity upon the resulting magnetic

induction and temperature profiles.

As is well known, two-dimensional models directly applied severely overestimate the
Lorentz forces and, consequently, the acceleration imparted to the projectile even in sim-
ple railguns. The effect is considerably exacerbated in augmented guns. There have been
developed some rather ad hoc approximations (Batteh 1984) for reducing the magnitude of
these forces, and these approximations work reasonably well for simple railguns in the steady
state. They cannot, however, be expected to work in the transient case. In an effort not to
overestimate both the Lorentz force and the Ohmic heating at early times, we have scaled
the current per unit rail height down appropriately to obtain the correct acceleration for a

truly two-dimensional, infinite rail-height launcher. More specifically, we assumed a current

6




profile identical in form to that in the actual design, namely,

7 = Josin(wt/lo), )

and then calculated the amplitude j; so that the two-dimensional armature reached a final

velocity of 1.85 km/s in a time to of 2 ms. The value obtained for jo was 16.1 MA /m.

Numerical calculations were then carried out for an aluminum armature and copper rails.
Temperature-dependent material properties for these metals have been given in our earlier
report (Powell, Walbert, and Zielinski 1993). We now discuss some of the more significant

results of the calculations.

Shown in Figure 2 are lines of constant magnetic induction at 1 ms (peak current) and at
the termination of the pulse at 2 ms. Only the top half of the armature is shown, since there
is symmetry about the y axis. The corresponding armature velocities at these times were 925
and 1,850 m/s. It is possible to prove from Maxwell’s equations that current cannot cross
lines of constant induction so these lines also represent streamlines of the current profile. At
1 ms, when the total current is maximum, a phenomenon known as the velocity skin effect
is very apparent from the curvature of the field lines toward the left at the rail-armature
interface. In the back contact, the current is directed in the positive y direction and very
much concentrated toward the back of the contact. This concentration of current arises
at even moderate velocities (Long 1986) because there is insufficient time for current to
diffuse into the rails during the time the armature is in contact with a given point on the
rail surface. For example, we can crudely estimate from the well-known skin-depth formula,
§ = (wt/po)?, that for a stationary armature current will diffuse into the rails a distance
of approximately 1 cm during the 2-ms time of the current pulse. Consequently, the mean
“diffusion velocity” is only about 5 m/s, and at armature velocities of only a few tens of
meters per second, new rail is being encountered too fast for the current to diffuse enough to
produce any appreciable skin depth. Consequently, the resistance along the interface remains
high, and the current remains confined to the corner. In the front contact, the current is in
the opposite direction, and here the velocity tends to enhance the transport of current across
the contact at points near the interface. At points far from the interface, however, the current
is still largely confined to the front and back sides of the armature at this fairly early time.
At 2 ms, when the total current has vanished, considerably more diffusion into the armature
has occurred. It should be noted that there is significant magnetic energy in the armature
because of eddy currents even at the termination of the pulse. This energy results primarily
from the fairly rapid rise time and decay of the sine wave. It should also be observed that

the hollow region in the armature between the contacts is effective in enhancing the rate of

/
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diffusion across the armature since this region has negligible conductivity. The induction

field in this region is not shown in the figure.

Shown in Figure 3 are isotherms at 2 ms, the termination of the current pulse, when
the final armature velocity was 1,850 m/s. Shown for comparison are results of an identical
calculation except that the armature was arbitrarily held at rest (v = 0). No phase change
was taken into account in the model even though at some few points the melting temperature
of aluminum (= 930 K) was exceeded. Here again the velocity skin effect is quite evident
from the substantially greater heating that occurs at the left-hand edge of the rail-armature
interface (i.e., the rear contact) for the calculation in which the velocity was accounted for.
Clearly, there is significantly greater heating on the left side of the armature than on the right
because of the much larger eddy current, particularly at early times. Toward the interior of
the armature, the current is sufficiently small and of sufficiently short duration that negligible
heating occurs. It should also be observed that there is enhanced heating at sharp corners in
the armature where the angle measured in the conductor is greater that 180 degrees. This

effect has been noted in our previous work (Powell, Walbert, and Zielinski 1993).

Further demonstration of the importance of the velocity skin effect can be seen in Figure 4
in which the force loading in the armature is plotted at peak current (t=1 ms) for both v =0
and v=925 m/s. The force density indicated is simply the magnitude of Jx B. Atlocal points
this force has both z and y components but, when averaged over the armature, produces a
net result which has only an 2 component and accelerates the projectile down the barrel of
the gun. As is evident in the figure, the large current concentration at the left-most corner
of the rail-armature interface when v # 0 produces significantly greater forces in that region
than occur in the v = 0 case. Similarly, the forces in the right contact near the interface are
larger when v # 0 because of the transport of current across the contact near the interface.
At points far removed from the interface, the force distribution looks much the same in the

two cases as does the temperature distribution for the two cases discussed in Figure 3.

To illustrate more qualitatively some of the previously mentioned observations we have
plotted in Figure 5 the total magnetic energy per unit rail height, £, in the armature and,
in Figure 6, the current per unit rail height in the front and back contacts. The quantities
are given as functions of time throughout the course of the current pulse. For both plots
we present results which account for the velocity of the armature as well as results for the
calculation in which the armature was held at rest. The magnetic energy per unit rail height

was calculated from the expression

2
En = / B jeay, (10)
24
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with the integration being taken over the planar cross-sectional area of the armature. The
current per unit rail height through the contacts (directed in the y direction) can be obtained
by integrating equation (1) from the trailing to the leading edge on the contact in question.

If we normalize the resulting values by the total current per unit rail height j, we have

jg = Jjr/j = Br/p—1
jr = Jr/j =2~ Bu/u, (11)

where F and R denote the front and rear contacts, respectively.

As is evident in Figure 5, the peak magnetic energy lags the peak current (not shown),
which occurs at 1 ms by several hundred microseconds. Furthermore, there is a significant
amount of magnetic energy (= 45 kJ/m) stored in the armature after the current pulse has
censed. This energy arises from eddy currents which in turn are caused by the inability of
the arrnature to respond to the current in a quasi-stationary manner. At early times when
the velocity is small, both curves in Figure 5 yield essentially the same results. At later
times the magnetic energy is slightly higher when v # 0 compared to the no-velocity case.
Presumably, the higher value results from the enhanced transport of the augmentation field
across the interface from right to left when v # 0. We have actually carried the calculation
out an additional 250 ps with j = 0, i.e., to 2,250 ps, for the no-velocity case and found
that the energy had decayed to about 15 kJ/m at that time. This value represents about
5% of the peak value. Although the amount of magnetic energy stored in the armature at
the termination of the current pulse is relatively small, the resultant deflections and stresses
may perburb the armature and affect the discard of the sabot. This phenomencn is beyond

the scope of this study and requires further investigation.

In Figure 6 are shown the normalized current per unit rail height in the the front and
back contacts, jf and 7%, as a function of tire. The negative signs are indicative of current
directed in the negative y direction and, of course, jp+75 = 1. At early times, the magnitude
of the current through the back contact is exactly twice that through the front. This behavior
results from the larger induction field at the back and the negligible amount of current
transport across the armature. It is particularly noteworthy that for the case of no velocity
the current distribution is fairly constant during the time of the current pulse. However,
when the velocity is accounted for, the transport of current from the-front toward the back
surface leads to a much more uniform distribution. In fact, at the very latest times there
is nearly an equal amount of current through the front and back contacts, and both are
positively directed. Irrespective of direction, the current partition at the back and front
contacts is roughly 2:1 for the v = 0 case. For the case with velocity, the back and front

12
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contact current partition is more time-dependent and reaches a maximum of 4:1 shortly after

peak current.

In Figure 7 are shown a series of isotherms in the rail at 500-us intervals. For presentation,
we have transformed these results to the reference frame in which the rails are fixed. That
transformation is accomplished via the relation X = & —z¢nq, where zenq denotes the location
of the left-most end of the rail at the time in question. The armature, not shown in this
figure, is located very near the right-most end of the rail (see Figure 8); the part of the
rail farther to the right is excluded from the figure. There is some heating at the top of
the rail resulting from the diffusion of the augmenting field (B = pj at the upper surface)
downward. More significant, however, is the heating of the inner-bore surface of the rail. The
larger temperatures there result both from the larger induction field at the surface (B=2 ),
as well as the large current concentration at the interface corner of the armature contact.
Clearly, the amount of heating depends upon the past history of the current profile, as well
as the speed of the armature as it passed the point in question. In particular, high induction
fields produce high currents and significant Ohmic heating; high velocities produce large
relative current concentration at the interface corner, but small dwell times in the vicinity
of a given point in space. Thus, at late times, when the velocity is high and the current is
decreasing rapidly, relatively little heating near the rail-armature interface occurs. It should
also be noted that there is insignificant heating in the interior of the rail. This result suggests

that there is incomplete penetration of the current across the rail thickness, a distance of

2 cm.

We finally show in Figure 8 an enlarged view of the rail isotherm at peak current. Only
the first 5 mm above the bore surface of the rail is shown. (It should be noted that the
armature is not drawn to scale in the y direction.) More detail is evident than exists in
the previous figure, and the profiles closely resemble those discussed in our previous work
(Powell, Walbert, and Zielinski 1993). It is noteworthy that the maximum temperature at
the rail surface is only about 700 K, and thus lower than both the melt temperature of
copper and the temperature at “hot spots” in the armature. While this temperature rise
is of minor concern for the single-shot computations discussed here, CCEMG is a multishot

system, and the resulting long-term temperature effects need further study.

4. SUMMARY AND CONCLUSIONS

We have employed a two-dimensional model to investigate current and heat transport in
an armature developed by UT-CEM in the CCEMG Program. The armature is accelerated

to 1.85 km/s in a series-augmented railgun. Time-dependent calculations were carried out

14




00¢
V] 23
oce
0ote
ove
0ose
09¢
0.8
08¢
06¢€
oov
(V184
ocy
(0124
Oovvy
osy
ooy
oLy
o8t
o6+
00S

o)1

“3UIL], JO UOHOUN,] € Se [Iey Jodd[) oyj ur subapos] '/ unSig

(w) x

sl 0002

srl 0051

srl 000}

srl 00S

15




"SUT | 18 [1ey Jodd[) Ul SULISGIOS] JO MAIA podiejuy ‘g aIndn{

‘uonoelp A oy} us 3jeIS 0} UMeELP Jo0U YSQE.;\ :9JON .

(w)x
00v'0  0S€0  00€0  0S20 0020 0G0  00LO  0SO0

LA I — L M ¥ _ L L L] : T _ L LB _ T T T _ LB | LI | ~ LN B | T _ LB

\ —

\ _\ ¥

0020°C

16

G¢eo'C




for the duration of the current pulse with the armature motion accounted for and compared
with calculations in which the armature was held fixed. General conclusions reached as a

result of this analysis can be reiterated as follows.

(1) The velocity skin effect is significant at points near the rail-armature interface at even
moderate velocities. At points far removed from the interface, the effect is small and the

induction and temperature profiles appear similar to those for the no-velocity calculation.

(2) There is significant thermal and force loading at the left-hand corner of the rail-
armature interface because of the high current density produced by the velocity skin effect.
In addition, there is significant heating and force loading at large-angle corners within the

armature.

(3) Near the rail-armature interface, the transport of the augmenting induction field
across the armature is enhanced by both the velocity skin effect and by the hollow region
between the contacts. For the case of no velocity, however, or at points far removed from the
interface, there is insufficient time during the shot for the field to diffuse completely across

the armature.

(4) The fast rise time and decay of the current pulse lead to some magnetic energy

remaining in the armature (and rails) at the termination of the pulse.

(5) Thermal loading in the rails is small relative to that at localized points in the arma-

ture. However, a region of the rail surface near the breech reaches temperatures of about
700 K for the single shot considered.

There are obviously significant limitations with the use of two-dimensional models for
quantitative predictions in real railguns with finite rail height. We do believe, however, that
these calculations are useful for obtaining a qualitative understanding of how these devices
operate and for studying physical phenomena associated with them. Primary among these
phenomena is the physics which occurs at the rail-armature interface. Because of the high
relative velocities at that boundary as well as the existence of a sharp corner on the left-hand
side of the armature, we have been unable to accurately resolve the temperature and field
profiles near that corner. The problem exists in a region of only a few grid points near the
corner and is probably not too important for the problem studied here. However, in future
calculations in which phase changes are accounted for, melting is likely to always occur near
such a sharp corner, and it is important to obtain accurate predictions near that point.
It seems likely that alternate numerical techniques as well as superior models for handling

the interface physics are likely to be required. We are investigating these techniques at the

present time.
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